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Intra-individual variabilityBiological activity introduces variability in element incorporation during calciﬁcation and thereby decreases the
precision and accuracywhen using foraminifera as geochemical proxies in paleoceanography. This so-called ‘vital
effect’ consists of organismal and environmental components.Whereas organismal effects include uptake of ions
from seawater and subsequent processing upon calciﬁcation, environmental effects include migration- and
seasonality-induced differences. Triggering asexual reproduction and culturing juveniles of the benthic foramin-
ifer Ammonia tepida under constant, controlled conditions allow environmental and genetic variability to be re-
moved and the effect of cell-physiological controls on element incorporation to be quantiﬁed. Three groups of
clones were cultured under constant conditions while determining their growth rates, size-normalized weights
and single-chamber Mg/Ca and Sr/Ca using laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS). Results show no detectable ontogenetic control on the incorporation of these elements in the species
studied here. Despite constant culturing conditions, Mg/Ca varies by a factor of ~4 within an individual foraminifer
while intra-individual Sr/Ca varies by only a factor of 1.6. Differences between clone groups were similar to the
intra-clone group variability in element composition, suggesting that any genetic differences between the clone-
groups studied here do not affect trace element partitioning. Instead, variability in Mg/Ca appears to be inherent
to the process of bio-calciﬁcation itself. The variability in Mg/Ca between chambers shows that measurements of
at least 6 different chambers are required to determine the mean Mg/Ca value for a cultured foraminiferal test
with a precision of ≤10%.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Incorporation of various trace elements into foraminiferal calcite
is affected by environmental parameters and therefore, calcitic
element/calcium ratios are widely used to reconstruct marine
paleoenvironments. For example, foraminiferal Mg/Ca ratios have
been shown to be primarily correlated with seawater temperature
(e.g. Nürnberg et al., 1996) and are used in combination with test
calcite δ18O to reconstruct paleo-seawater δ18O (e.g. Elderﬁeld and
Ganssen, 2000; Lear et al., 2000), and estimate salinity. Elevated
Mg-incorporation into calcite at higher temperatures has also been
reported from inorganic precipitation experiments (Mucci, 1987;
Oomori et al., 1987). However, the relative increase in Mg/Ca with
temperature for foraminifera is greater than reported for inorganically
precipitated calcites (~10% per °C compared to b5% per °C, respectively),
suggesting that foraminiferal Mg/Ca is largely controlled by biologicalactivity (Rosenthal et al., 1997; Erez, 2003; De Nooijer et al., 2009a,
2009b; Wit et al., 2012). The cellular control on Mg-incorporation is
also reﬂected by the low Mg/Ca ratios of most foraminiferal species
compared to calcite precipitated from seawater (Blackmon and Todd,
1959; Bentov and Erez, 2006). Furthermore, Mg/Ca varies also within
single individual foraminifer tests (e.g. Hathorne et al., 2003; Toyofuku
and Kitazato, 2005) and through chamber walls (e.g. Eggins et al.,
2004; Sadekov et al., 2005; Kunioka et al., 2006; Hathorne et al., 2009).
The origin of intra-individual and intra-chamber wall Mg/Ca
heterogeneity in benthic and planktonic species remains enigmatic.
Previous work suggested that ontogenetic (i.e. life-stage related)
changes can be responsible for intra- and inter-test Mg/Ca variability
in benthic foraminifera (Hintz et al., 2006; Filipsson et al., 2010;
Raitzsch et al., 2011a; Diz et al., 2012). Ontogeny can affect trace
element partitioning through changes in physiology, growth rate or
changes in surface area-volume ratios. Migration into different envi-
ronments with age and life-stage may be responsible for part of the
observed effects, but this is an environmental control rather than
ontogeny as such. Additionally, inter-individual variability in Mg/Ca
Fig. 1. Asexual reproduction in Ammonia tepida. The empty test of the adult (i.e. ‘parent’)
individual is surrounded by approximately 200 juveniles that have emerged from the
aperture. The single-chambered juveniles form a relatively large and dense pseudopodial
network that they use tomove away from the parent in the following hours. Clone groups
were recognized and isolated when they were still in the vicinity of the parent test to
prevent mixing of offspring from multiple reproductive events. The dark masses are
remains of the food cyst that surrounded the adult foraminifer before reproduction.
Scale bar = 100 μm.
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the same species (Numberger et al., 2009).
In a number of species, foraminiferal Sr/Ca is positively correlated
with temperature (Rathburn and De Deckker, 1997; Reichart et al.,
2003; Mortyn et al., 2005; Rosenthal et al., 2006; Kisakürek et al.,
2011), salinity (Dissard et al., 2010a; Kisakürek et al., 2011) and seawa-
ter Sr/Ca (Delaney et al., 1985; Elderﬁeld et al., 2000; Raitzsch et al.,
2010). Reported inter- and intra-individual variability in Sr/Ca is smaller
than observed for Mg/Ca (e.g. Dueñas-Bohórquez et al., 2009, 2011a).
The partition coefﬁcient for Sr incorporation is closer to that found in in-
organic precipitation experiments (e.g. Lorens, 1981; Delaney et al.,
1985; Tesoriero and Pankow, 1996; Dissard et al., 2010a) when com-
pared to Mg incorporation (e.g. Delaney et al., 1985; Mucci, 1987;
Nürnberg et al., 1996). This difference suggests that incorporation of
Sr is not under the same biological control asMg, and that the relatively
weak control causes a more homogenous inter-species, intra-species
and intra-individual Sr-incorporation.
The elemental and isotopic composition of individual tests is in-
creasingly used for estimating past inter and intra-annual change,
such as seasonality (Wit et al., 2010; Ganssen et al., 2011; Haarmann
et al., 2011; Khider et al., 2011). The accuracy of such reconstructions,
however, critically relies on the ability to distinguish vital effect-
related variability from that caused by the environment. Here, we
cultured genetically identical individuals of the shallow-water benthic
foraminifer Ammonia tepida under constant environmental conditions,
monitoring ontogenetic variability to constrain the intrinsic natural am-
plitude of Mg/Ca and Sr/Ca variability between and within individuals.
Ammonia spp. produce calcite with a very low Mg/Ca (~1 mmol/mol),
indicating a strong biological control on Mg-incorporation. This implies
that changes in this biological control are also expected to have a rela-
tively large impact compared to other foraminiferal species. Hence by
studying this species we are able to capture themaximum impact related
to variability in the vital effect. The intrinsic natural variability of Mg/Ca
and Sr/Ca ratios ultimately determines how well we will be able
to constrain past seasonal temperature variability and provides
constraints for the biologically induced noise in reconstructions.
2. Methods
2.1. Culturing and reproduction
Surface sediments were collected from the muddy intertidal ﬂats
near Dorum, Northwestern Germany (53°44′16 N, 8°30′53 E) in Au-
tumn 2008. Average Wadden Sea water temperature in October is
~13 °C, with an average diurnal variability of ~1 °C (Van Aken, 2008).
Upon return to the laboratory, sediment was sieved over 1-mm screens
to remove the largest macrofauna and stored at 10 °C. Prior to incuba-
tion, small amounts of sediment were sieved over a 250 μm-screen to
retrieve large living individuals of Ammonia tepida. Individuals with
brightly yellow colored cytoplasm were regarded as living and isolated
for incubation. Four groups of 25 individuals were placed in Petri dishes
with approximately 50 mL of 0.2 μm-ﬁltered North Sea water (salinity
32), fed with living Dunaliella salina by adding 300 μL of a densely con-
centrated algae culture (approximately 3 × 106 cells/mL) and brought
instantaneously to 25 ± 0.5 °C at which they were kept until
reproduction.
Of all incubated specimens, 6 adult, megalospheric foraminifera
underwent asexual reproduction at regular intervals, resulting in the
production of 50–300megalospheric, one-chambered juveniles emerg-
ing from the same adult test. Regular inspection of the foraminifera
allowed recognition of reproduction when the juveniles were still
in close proximity of their parent (Fig. 1). The size of these one-
chambered juveniles ranges from approximately 20 to 30 μm, suggest-
ing that they are gamonts (as opposed to schizonts; Goldstein and
Moodley, 1993; Stouff et al., 1999). These juveniles were isolated from
their parent test and kept together in a new Petri dish. All juvenilesresulting from one asexual reproductive event (i.e. having the same in-
dividual parent) will be referred to as a ‘clone group’. Since the parents
of these clone groups come from the same sample location, it may be
that the different clone groups are genetically closely related. Juveniles
from three of these clone groups were cultured in three separate Petri
dishes and fed once a week. The water in these dishes was changed
every two days. At the beginning and end of the incubations, salinity
(32.2 ± 0.2) and pH (8.14 ± 0.05, NBS scale) were measured using a
330i WTW conductivity meter andWTW pH3000 with Schott BlueLine
Electrodes, respectively. Culture media subsampled for DIC (2193 ±
29 μM) was ﬁltered over 0.2 μm ﬁlters and measured photometrically
using an XY-2 sampler (Bran+Lübbe GmbH, Norderstedt, Germany).
Subsamples were also analyzed for [Mg2+] (49 ± 2 mmol/kg), [Ca2+]
(9.5 ± 0.05 mmol/kg) and [Sr2+] (90 ± 0.8 μmol/kg) using ICP-OES.
Uncertainties for these concentrations (±1 standard deviation) repre-
sent differences between replicate measurements (n = 4).
The three other clone groups were used to determine the growth
rates by determining size of individuals by regular observation under
an inverted microscope and counting the number of chambers of each
individual. After 3 weeks of incubation in the same artiﬁcial seawater
in which the other three clone groups were cultured, specimens were
taken out and cleaned. Specimens both from the culturing experiment
and from the incubation to determine growth rates were placed in
buffered NaOCl (15%) for 24 h to remove organic material. Individuals
were then rinsed several times with double deionized water and dried
at 60 °C for several hours. Multiple individuals from one group
with the same number of chambers (ranging from 6 to 16 chambers)
were weighed on a UMX2 microbalance (Mettler Toledo, precision ±
0.1 μg) to determine “chamber-normalized” weights. Other studies
have reported size-normalized weights based on the diameter (e.g. De
Moel et al., 2009; Beer et al., 2010) of analyzed individuals, but to facil-
itate comparison of growth with the LA-ICP-MS data (see Section 3.3)
size-normalized weights and growth rates are expressed per total
number of chambers.
Since a large number of geno- andmorphotypes have been reported
for Ammonia (e.g. Holzmann and Pawlowski, 1997; Debenay et al.,
1998; Holzmann and Pawlowski, 2000; Hayward et al., 2004), culturing
individuals from one clone group overcomes the potential imprint of
genetic variability on calcite chemistry. This is particularly important
since the genus of Ammonia is widely studied, but named differently
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type T6’ is the dominantmorphotype (Hayward et al., 2004), andwill be
referred to here as A. tepida.
2.2. LA-ICP-MS
Three laser ablation systems coupled to inductively coupled plasma-
mass spectrometers (LA-ICP-MS) were used during the course of this
study (Table 1). Themajority of analyses were conducted at the Univer-
sity of Bremen using a solid state 193 nm laser ablation system (New
Wave Research) coupled to an Element2 (Thermo Scientiﬁc) sector
ﬁeld ICP-MS. The ICP-MS was run in low resolution mode without the
shield torch and the measurement routine took 1.4 s to cycle through
the masses. Masses monitored were 11B, 25 Mg, 27Al, 43Ca, 55Mn, 66Zn,
88Sr, 137Ba and 238U. All ablations were conducted in He and lasted up
to 60 s before the shell wall was penetrated using laser spots of 35 or
75 μm in diameter, a repetition rate of 5 Hz, and a laser power density
of ~0.35 GW/cm2. A NIST SRM 610 glass was used for calibration and
ablated with a laser power density of ~1 GW/cm2 between every 5 or
10 sample analyses. Calibration of element/calcium ratios in calcium
carbonate samples using a NIST glass standard has been demonstrat-
ed to be accurate for many elements when using a 193 nm laser
(Hathorne et al., 2008). The precision of the technique is ~4% (1σ)
for Mg/Ca and Sr/Ca based on many spot analyses of powder pellets
of carbonate reference materials (e.g. Raitzsch et al., 2011a).
Time resolved signals were selected for integration, background
subtracted, internally standardized to 43Ca, and calibrated with the
signals from the NIST SRM610 using the GeoPro software (Cetac).
Despite the removal of organics with NaOCl it was clear from the time
resolved laser signals that some cytoplasm, with elevated Mg and Zn,
remained on the outside and inside of a few chambers. Zinc is known
to be concentrated by phytoplankton (Ho et al., 2003), adding to the
intracellular concentrations in the foraminifera when taken up as
food. Parts of analyses, towards the outside or inside of the test wall,
with elevated Mg and Zn were omitted from the integration (Fig. 2C).
In some cases where the test wall was thin, the ablation was very
short and the Mg and Zn levels remained high throughout. Such analy-
ses were discarded and not considered further. Screening of time
resolved signals for surface contamination is a standard practice to
ensure that only contaminant-free data are considered (e.g. Reichart
et al., 2003; Sadekov et al., 2008; Hathorne et al., 2009).
As a solid state laser system is not optimized for depth proﬁling,
a number of cultured tests were also analyzed using a 193 nm
ArF Excimer laser at Utrecht University (GeoLas 200Q) and at the
GEOMAR in Kiel (New Wave) to acquire depth-proﬁles of the ele-
ment/Ca ratios through the shell walls (Table 1). The analyses at Utrecht
also used an Element2 (Thermo Scientiﬁc) sector ﬁeld ICP-MS. The laser
at the GEOMAR is equipped with a large format cell with a low volume
(~1 cm3) ablation chamber that is optimal for such depth proﬁling anal-
yses and employed anAgilent 7500cs ICP-MS. Calibration and standard-
ization also used the NIST SRM 610 glass (values from Jochum et al.,
2011) that was ablated using a higher laser ﬂuence of ~4 J/cm2. The
raw time resolved counts were blank subtracted, internally standard-
ized to 43Ca and calibrated using standard spreadsheet software to
obtain depth proﬁles for Sr/Ca and Mg/Ca ratios. Data were furtherTable 1
Settings and details of the different laser systems employed in this study.
Laboratory Bremen Utrecht Kiel
Manufacturer NWR Geolas 200Q NWR
Laser 193 nm solid state 193 nm Excimer 193 nm Excimer
Energy density ~0.35 GW/cm2 ~1 J/cm2 ~1 J/cm2
Laser spot size 35/75 μm 40 μm 25/50 μm
Ablation frequency 5 Hz 7 Hz 4/5 Hz
Results Figs. 5 and 7 Fig. 4A, B Fig. 4B, Cprocessed with a 2σ outlier rejection to remove outliers and smoothed
with a 3-point running average to obtain the depth proﬁle (data from
Bremen were not treated in this way as only average values for each
laser spot were obtained). Analyses of a powder pellet of the JCp-1 car-
bonate reference material agree with the recommended values in the
literature (Okai et al., 2002, 2004) and indicate a within depth proﬁle
precision of b20% (1σ). A similar result was obtained by depth proﬁling
through an Iceland spar calcite used in the Utrecht laboratory.
Using the obtained foraminiferal Mg/Ca and Sr/Ca and those of
seawater, apparent partition coefﬁcients for these elements in the
calcite of Ammonia tepida are calculated as follows:
DElement ¼ Element=Cað Þcalcite= Element=Cað Þmedium
3. Results
3.1. Reproduction, growth rates and size-normalized weights
The number of juveniles that result from one reproductive event
varied between the clone groups (Table 2). The maximum size (diame-
ter) that was reached at the end of the culturing period also varied,
resulting in analyses being performed on individuals with a range of
sizes.
Table 2: Reproduction, growth and amount of calcite available for
chemical analyses. Dextral coiling is clockwise addition of chambers
on the spiral side: sinistral is anti-clockwise. ‘n.d.’ = not determined.
Growth rates (expressed here as number of chambers added per
day) varied between clone groups, although the general pattern was
similar between groups: as size increases, growth (chamber addition)
rates decrease. Chamber-normalized weights as determined after the
culturing experiments show that the amount of calcite precipitated
per chamber increases with size (Fig. 3).
3.2. Test wall variability in Sr/Ca and Mg/Ca
Ablation proﬁles obtained with the excimer laser systems at Utrecht
andKiel fromdifferent chambers of one individual show that inner cham-
bers are progressively thicker because of bilamellar calciﬁcation. This is
visible from the length of proﬁles as they become longer when ablating
chambers that were formed at earlier lifestages of the foraminifers.
Within the obtained proﬁles, Sr/Ca varies between 1.0 and
2.5 mmol/mol (Fig. 4C). On average, Sr/Ca of these proﬁles was
1.42 mmol/mol and the average standard deviation of a proﬁle is
0.32 mmol/mol. Mg/Ca in proﬁles from the same measurements varies
between 2 and 14 mmol/mol within the same chamber wall (Fig. 4B).
Average Mg/Ca in these proﬁles varies between 1.8 and 6.1 mmol/mol,
with an average standard deviation of 1.2 mmol/mol for one proﬁle.
The obtained average Mg/Ca for these proﬁles match the range in
Mg/Ca from the larger dataset (Section 3.3; Fig. 5B). Variability in average
Mg/Ca between laser ablation spots is caused by the occasional occur-
rence of calcite with high Mg/Ca (Fig. 4B, chamber F-6; Fig. 4A, chamber
F-5). These parts with elevated Mg/Ca, however, are not present in all
chambers and their position or number per chamber wall is not the
same for different chambers within a single individual.
Average Sr/Ca andMg/Ca and the variability in these proﬁles (Fig. 4)
are similar for the different laser systems employed. This not only facil-
itates direct comparison between the data obtained by us, but also
demonstrates the reproducibility of the Sr/Ca and Mg/Ca ratios despite
differences in ablation cell design.
3.3. Interchamber and size-related variability in Sr/Ca and Mg/Ca
When combining the average values from the ablation proﬁles with
the 173 spot analyses obtained at the University of Bremen, Sr/Ca of all
ablations range between 1.2 and 2.0 mmol/mol (Fig. 5A), with an
Fig. 2. Example of two individuals (A and B) after LA-ICP-MS. P = proloculus, F = ﬁnal chamber. Scale bar = 100 μm. C: example of a laser ablation proﬁle with high Mg/Ca and Zn/Ca
indicative of residual cytoplasm on both sides of the chamber wall.
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trend for Sr/Ca and chamber number is detectable (data of all clone
groups combined, as well as for separate groups: regression analysis,
R2 b 0.001). In 15 cases, 2 measurements were performed on a single
chamber (Fig. 2A). The average difference between these pairs of
measurements is 0.084 mmol/mol (±0.072 standard deviation) and
smaller than the overall variability in Sr/Ca (Fig. 5A).
Average Mg/Ca of single laser ablation spots range between 1
and 8 mmol/mol (Fig. 5B), with an average ratio of 3.6 mmol/mol
(±1.2 standard deviation) and no ontogenetic trend (regression
analysis, R2 b 0.001). Nor was there a signiﬁcant difference in Sr/Ca or
Mg/Ca between coiling directions. For the 15 pairs of measurements
on the same chamber, the average difference in Mg/Ca from these
spots is 0.48 mmol/mol (±0.64 standard deviation), which equals
16% of the average Mg/Ca. This average difference is comparable toTable 2
Reproduction, growth and amount of calcite available for chemical analyses. Dextral coiling is c
determined.
Clone Group 1
Number of juveniles 244
Incubation time (days) 21
Chambers after incubation 14.7 ± 2.0 (n = 94)
Mean growth rate (chambers added/day) 0.70
Dextral coiling 52% (n = 94)
Sinistral coiling 48% (n = 94)
Individuals analyzed for element/Ca 10
Chambers analyzed for element/Ca 111the average difference between two laser ablation measurements
randomly taken from the complete dataset (see end of this section).
The variability (standard deviation) between single-chamberMg/Ca
(±33% of the average; Fig. 5B) is larger than for Sr/Ca (±8% of the
average; Fig. 5A). The large number of measurements results in a
small standard error of the mean (b1% and ~5% for Sr/Ca and Mg/Ca,
respectively; Fig. 5A and B).
When comparing successive chambers counting from the proloculus
onward, there is no trend in Sr/Ca (nor in Mg/Ca) with chamber num-
ber. The layering caused by so-called bilamellar calciﬁcation in Rotaliid
species (Reiss, 1957; Erez, 2003) means that we prefer to compare
chambers that have the same number of lamellae (thus comparing all
F chambers, F-1, etc.; Fig. 5A and B).
Not all individuals had the same number of chambers at the end of
the experiment, which might mask (subtle) ontogenetic trends inlockwise addition of chambers on the spiral side: sinistral is anti-clockwise. ‘n.d.’ = not
Clone Group 2 Clone Group 3
116 103
17 17
12.2 ± 2.1 (n = 96) 5–7 (n = 50)
0.72 0.35
35% (n = 55) n.d.
65% (n = 55) n.d.
5 10
42 32
Fig. 3. Growth rates (A, ± 1 standard deviation) for each of the three clone groups and chamber-normalized weights (B) of cultured A. tepida. The weight of tests increases exponentially
with every chamber being added (R2= 0.934; compared to 0.888 for a linearﬁt) and is described by:w= 0.138e0.225n, wherew is the CaCO3weight of an individual test in μg and n is the
chamber number (1 = proloculus).
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Mg/Ca with chamber number within individuals. For the 22 individuals
that were ablated 3 or more times, no signiﬁcant intra-individual trend
was observed in Sr/Ca or Mg/Ca (Student's t-test using residual sum of
squares from a linear regression, p b 0.05). Since some individuals
have the same ﬁnal number of chambers, these tests were repeated
on results combined for individuals with 18, 17, 16, 15, 8 and 7 cham-
bers. None of the resulting regression analyses and t-tests indicated a
signiﬁcant increase or decrease of Sr/Ca or Mg/Ca with chamber
number. Finally, we compared all F-chambers measured (n = 16) and
conducted a regression analysis for Sr/Ca and Mg/Ca as a function of
ﬁnal number of chambers. This too revealed no signiﬁcant trend with
chamber number.
To evaluate the relation between the number of observations
(i.e. laser ablation spots) and the representativeness of the resulting
average Mg/Ca of all measurements, a Monte Carlo Permutation test
was executed. From all 207 laser ablation-determined Mg/Ca ratios, a
randomly selected ratio was taken to calculate the deviation from the
averageMg/Ca (=3.6 mmol/mol). This was repeated 50 times to calcu-
late the average deviation from the data set's mean Mg/Ca (based on
207 laser ablation measurements). This value approximates the uncer-
tainty in Mg/Ca when using only one laser spot to determine the aver-
age Mg/Ca in a dataset like ours. This procedure was repeated by
taking 50 sets of two randomly selected Mg/Ca to calculate the average
deviation from the dataset's mean Mg/Ca, then taking 50 sets of three
randomly selected Mg/Ca, etc. (Fig. 6). The relationship between the
number of laser ablation spots and the deviation from the dataset's
average resembles 1/√n.
3.4. Interindividual variability in Sr/Ca and Mg/Ca
Combining the results from laser ablation spots on the same individ-
ual (on average 7.7 spots) provides an estimate of variability in Sr/Ca
andMg/Ca between the 25 analyzed individuals (Fig. 7). The three indi-
viduals with less than 3 laser ablation spots/individual are not discussed
further in this section.
To compare the Sr/Ca and Mg/Ca between individuals, a one-way
ANOVA test was performed for every possible pair of individuals, 231
in total. Of all these pairs, the Mg/Ca of 80 pairs of individuals (35%)
was signiﬁcantly different (p b 0.05). Of these 80 pairs, only four indi-
viduals are involved in 51 pairs. This means that, with the exception of
these four individuals (two at the far left and two at the far right side
in Fig. 7A), the average Mg/Ca of 87% of all possible combinations of
two individuals is not signiﬁcantly different from each other. Inter-
individual differences for Sr/Ca are similar with 67 out of 231 pairs
(29%) that are being signiﬁcantly different. Of these 67 pairs, three indi-
viduals (one at the left side and two at the far right side in Fig. 7B) areinvolved in 31 signiﬁcantly different average individual's Sr/Ca. This
means that excluding these three individuals, the average Sr/Ca of 84%
of all possible combinations of two individuals are not signiﬁcantly
different from each other.
3.5. Inter-clone group variability and summary
When separating all single chamber Sr/Ca and Mg/Ca values into the
three groups of clones, the resulting averages are very similar. Average
Sr/Ca of each of the three groups is 1.56 mmol/mol,with variability (stan-
dard deviation) within groups of 0.11, 0.15 and 0.16 mmol/mol. Average
Mg/Ca for the three groups is 3.68 mmol/mol (±1.21, n = 110),
3.51 mmol/mol (±0.99, n = 31) and 3.33 mmol/mol (±0.80, n = 32).
Differences in single-chamber Sr/Ca and Mg/Ca between any combina-
tion of clone groups are not signiﬁcant (two-tailed Student's t-test,
assuming unequal variances, p b 0.95), although the limited number of
clone groups that are compared here hampers generalization of the
calculated variability between them.
AverageMg/Ca and Sr/Ca and the variability of different hierarchical
levels are summarized in Table 3.
Table 3: different levels of variability in Sr/Ca and Mg/Ca. The vari-
ability within test walls was determined on 12 individuals, displaying
relatively high within-wall variability in Mg/Ca. The associated average
standard deviation for these ablation proﬁles is ~40% of the average
Mg/Ca. Calculated standard deviation for the inter-individual level
is based on averages for the 22 individuals and the range in standard
deviations for the clone groups represent the variability within these
three groups.
4. Discussion
4.1. Reproduction, growth rates and size-normalized weights
Using the offspring of reproducing foraminifera provides a number
of advantages for studying minor and trace element incorporation in
foraminiferal calcite. In a number of culture experiments growth is
monitored by incorporation of a ﬂuorescent marker (Bernhard et al.,
2004) after which newly formed chambers (either stained or recog-
nized after pre-incubation with the label) can be analyzed individually.
Although the effect of such markers on calcite Mg/Ca and Sr/Ca may be
limited (Dissard et al., 2009), its complexation potential dictates the
need to be accounted for in culturing studies (De Nooijer et al., 2007).
When culture-grown foraminifera with chambers formed before
incubation are used for geochemical analysis, isotope- and element
composition of calcite added under experimental conditions have to
be corrected for the initial calciteweight of the testwhenwhole individ-
uals are analyzed (e.g. Kisakürek et al., 2011). Alternatively, newly
Fig. 4. Sr/Ca and Mg/Ca ablation proﬁles from cultured Ammonia tepida. A: Mg/Ca of three different chambers obtained at GEOMAR, B: Mg/Ca of three different chambers obtained at
Utrecht University and C: Sr/Ca of one chamber obtained at Utrecht University (in black) and one obtained at GEOMAR (in blue). Error bars are based on within-proﬁle variability of a
powder pellet of the JCp-1 carbonate standard (Okai et al., 2002, 2004).
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planktonic species and pooled for analysis (e.g. Spero and Lea, 1996;
Bijma et al., 1998). Using newborn clones (Section 2.1; Hintz et al.,
2006; McCorkle et al., 2008; Filipsson et al., 2010; Barras et al., 2010;
Diz et al., 2012) circumvents the inaccuracies associated with such
manipulations and allows analysis of the smallest foraminifer size
fractions. Moreover, using LA-ICP-MS, the full range of chamber sizes
can be analyzed for elements with sufﬁciently high concentrations
(e.g. Reichart et al., 2003).
In our experiment, growth rates progressively decreased from
approximately 1 chamber/day to 1 chamber/week. The time period
between two chamber additions is relatively short in juveniles and
increases as the individualmatures (Fig. 3A). Sincemass increases expo-
nentially with every chamber added in this species (Fig. 3B), this resultsin a relatively constant rate of CaCO3 addition over time (from approx-
imately 0.70 to 0.15 μg/day for clone groups that grew slowest and
fastest, respectively). The addition of calcite in foraminifera is however,
concentrated into short time-intervals during which chambers are
formed (~hours; Keul et al., 2013).
Calcite precipitation rates are known to affect Sr/Ca, more than
Mg/Ca (e.g. Lorens, 1981; Morse and Bender, 1990; Tesoriero and
Pankow, 1996). A similar rate of calcite addition (in μg/day) over time
therefore ﬁts the absence of an ontogenetic trend and limited variability
of calcite Sr/Ca (and to a lesser extentMg/Ca; Fig. 5A and B, Section 3.3).
A caveat here is that overall calcite addition of an individual provides no
information about crystal growth rate, which is essentially unknown.
Moreover, element partitioning in inorganically precipitated calcites
may not be directly comparable to that in foraminifera, since the
Fig. 5. Average Sr/Ca (panel A), Mg/Ca (panel B) and partition coefﬁcients (DSr and DMg) from single-chamber analyses of 30 individuals of cultured A. tepida as a function of the position
within the foraminifer. Every point represents one laser ablation spot. On the left side, analyses of the ﬁnal (F) chamber are plotted, whilemeasurements towards the right side represent
Sr/Ca and Mg/Ca from older chambers. Black, gray and white symbols represent the three different clone groups. Larger circles represent average Sr/Ca and Mg/Ca for each chamber
position. The dotted line and surrounding gray box represent the average±1 standard error of themean. The lighter gray box represents± 1 standard deviation. Number of laser ablation
spots per chamber position is indicated in circles at the lower side of panel A.
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biological control (e.g. Erez, 2003; De Nooijer et al., 2009b) where
element concentrations, pH, and the presence of organic compounds
can all differ from inorganic precipitation experiments.
4.2. Test wall variability in Mg/Ca
Magnesium is known to be heterogeneously distributed through
chamber walls of a number of species (Eggins et al., 2003; Erez, 2003;
Hathorne et al., 2003; Eggins et al., 2004; Anand and Elderﬁeld, 2005;
Sadekov et al., 2005; Toyofuku and Kitazato, 2005; Kunioka et al.,
2006; Sadekov et al., 2008; Hathorne et al., 2009; Wit et al., 2010). The
laser ablation proﬁles from our cultured individuals also show a large
variability in Mg/Ca within a chamber wall and between chamber
walls despite constant culturing conditions (Fig. 4). Early formed cham-
bers positioned near the center of the individual, contain relatively
more layers of calcite produced during consecutive chamber formation
events. The absence of an increase or decrease in Mg/Ca within these
inner chambers ﬁts with the absence of an interchamber trend of
Mg/Ca with size (Fig. 5B). This is important to note, since the lamellarstructure of the ontogenetic calcite in Rotaliids (Erez, 2003)maymask
(subtle) ontogenetic trends in chamber-to-chamber element distribu-
tion. The irregular position of the Mg/Ca peaks in the proﬁles (Fig. 4)
furthermore suggests that the location of high-Mg calcite is not related
to the location of organic layers that separate the layers of lamellar
calcite (e.g. Hemleben et al., 1977).
Part of the variability in Mg- and Sr-incorporation observed in our
dataset may be caused by variability in the microenvironment between
individuals. Respiration (e.g. Rink et al., 1998) and proton pumping
(Glas et al., 2012) during calciﬁcation alter the carbonate chemistry in
the direct surrounding of the test and thus may have an effect on the
chemical speciation of ions like Mg and Sr, thereby possibly affecting
their uptake and eventually the calcitic Sr/Ca and Mg/Ca. In Ammonia,
ion pumping during calciﬁcation decreases the surrounding pH by
up to 1 unit (Glas et al., 2012). Since this decrease in pH is size-
dependent, and the uptake of Ca2+ (and possibly other cations like
Mg and Sr too) takes place during calciﬁcation in Ammonia (Nehrke
et al., 2013), theremay be a size-related change inMg/Ca in our cultured
specimens. Since this is not the case (Fig. 5 and accompanying text), it is
unlikely that pH in the foraminiferal microenvironment signiﬁcantly
Fig. 6. Relation between number of laser ablation spots and deviation from the set average Mg/Ca (n = 50, see text for explanation) from the average Mg/Ca of the complete
dataset (=3.6 mmol/mol). With ~6 laser ablation measurements on different chambers (or positions on the test) the deviation is approximately 10% of the average of the
dataset, with ~20 measurements, the estimated Mg/Ca is within 5% of the average of the complete dataset.
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small impact on ambient (pH) gradients, it is unlikely that these
processes can account for a large portion of the variability in Mg/Ca
reported here.
4.3. Interchamber and size-related variability in Sr/Ca and Mg/Ca
In theAmmonia tepida samples from this study, there is nodetectable
control of coiling direction or ontogeny (i.e. size-related) on Mg/Ca and
Sr/Ca as the average ratios do not change with size (number of cham-
bers: Fig. 5). This is in contrast with a number of reports on size-
speciﬁc Mg/Ca ratios in other species of benthic foraminifera from
culturing experiments (Hintz et al., 2006; Filipsson et al., 2010; Diz
et al., 2012). Discrepancies between studies could stem from species-
speciﬁc differences in controls on element incorporation, sample size,
or both. Field studies of planktonic species show Mg/Ca increases
with size in some species and decreases with size in other species
(Elderﬁeld et al., 2002; Anand and Elderﬁeld, 2005; Friedrich et al.,
2012), while under controlled constant conditions, Mg/Ca of the plank-
tonic Globigerinoides sacculifer decreases with size (Dueñas-Bohórquez
et al., 2011a). This implies that part of the relation between planktonic
foraminiferal shell size and Mg/Ca is determined by calciﬁcation at
different water depths (and hence different temperatures), and part of
the ontogenetic controls on Mg/Ca are not environment-induced.
Raitzsch et al. (2011a, 2011b) show the variability of Mg/Ca and B/Ca
ratios are relatedwithin single tests of the benthic Planulinawuellerstorﬁ
suggesting that changes in carbonate chemistry within the sediment
pore waters could be responsible for some of the Mg/Ca variability.
Interchamber variability may thus be explained by migration within
the sediment (for benthic species) or calciﬁcation at different ambient
temperatures (for planktonic species). Still, variability in Mg/Ca is
often too large to be explained by vertical migration (e.g. Hathorne
et al., 2009).
Based on the interchamber variability of Mg/Ca in our dataset
(Fig. 5), we calculate that the averageMg/Ca of the A. tepida populations
can be estimatedwith a precision of 10% using 6 laser ablationmeasure-
ments on different chambers (Fig. 6). Under the controlled conditions
used here the number of individuals on which these 6 measurementsare performed, is irrelevant for the precision obtained. However,
the interchamber (and interindividual) variability in Mg/Ca may be
different between species and depend on the absolute Mg/Ca ratios.
This means that the representativeness of 6 laser ablation measure-
ments may be better or worse for samples with other foraminiferal
species.4.4. Interindividual and inter-clone group variability of Sr/Ca andMg/Ca in
Ammonia spp
A number of previous culturing experiments and ﬁeld surveys using
Ammonia spp. resulted in similar Sr/Ca and Mg/Ca values as those
presented here. In those studies calcitic Mg/Ca was shown to depend
on temperature (Toyofuku et al., 2011) and seawater [Ca2+] (Raitzsch
et al., 2010). Studies of the dependence of calciticMg/Ca in benthic fora-
minifera on salinity have produced contradictory results (Dissard et al.,
2010a; Toyofuku et al., 2011; Diz et al., 2012), whileMg/Ca in the calcite
of cultured individuals of Ammonia tepida is not inﬂuenced by seawater
carbonate ion concentration (Dissard et al., 2010b; Dueñas-Bohórquez
et al., 2011b). Sr/Ca ratios of A. tepida are known to depend on seawater
salinity (Dissard et al., 2010a), whereas an effect of carbonate ion con-
centration is absent (Raitzsch et al., 2010; Dueñas-Bohórquez et al.,
2011b) or slightly positive (Dissard et al., 2010b).
Intra- and inter-individual variability in Mg/Ca is usually larger
than that for Sr/Ca (e.g. Allison and Austin, 2003). The large variability
in Mg/Ca is attributed to a number of factors including variability in en-
vironmental conditions (Wit et al., 2012), genetic differences between
individuals (Numberger et al., 2009), and ontogenetic effects (Elderﬁeld
et al., 2002). Small ﬂuctuations in experimental conditions cannot be
responsible for the variability in Mg/Ca, since the dependency of Mg/Ca
on temperature and salinity is too small in Ammonia spp. to account for
the observed variability (e.g. Toyofuku et al., 2011; this study). Our results
show that the small sample size afforded by LA-ICP-MS allows the detec-
tion of interindividual (and intrachamber) variability in the Mg distribu-
tion. To account for this small-scale variability, the average Mg/Ca of one
or more complete individual tests can be determined by combining
multiple measurements on one individual (Fig. 7).
Fig. 7. A: Variability of single individual Sr/Ca in cultured A. tepida. Results from all laser spots (Fig. 5A) are combined to display the inter-individual variability in Sr/Ca (average per indi-
vidual± 1 standard deviation). These data have been ranked according to their Sr/Ca ratio (note that the ranking for inter-individualMg/Ca is different). B: Variability ofMg/Ca in cultured
individuals. Results from single-chamber measurements (Fig. 5B) are combined to display the inter-individual variability in Mg/Ca (average per individual ± 1 standard deviation). For
both panels, dotted horizontal line is the average element/Ca of all individuals and accompanying dark gray box represents 1 standard deviation.
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Thepresence or absence of ontogenetic controls on element incorpo-
ration is important for the use of foraminifera in paleoceanography. The
recognition of size-related controls in Mg/Ca (e.g. Dueñas-Bohórquez
et al., 2011a) has lead to the proposal of using correction factors when
applying Mg/Ca-based temperature reconstructions. If the absence of
an ontogenetic trend (as observed here) is representative for foraminif-
era in general, ontogenetic trends found in natural samples then most
likely result from environmental changes (e.g. migration through the
water column for planktonic species). This changes the view of partsTable 3
Different levels of variability in Sr/Ca andMg/Ca. The variability within test walls was determin
ciated average standard deviation for these ablation proﬁles is ~40% of the average Mg/Ca. Ca
individuals and the range in standard deviations for the clone groups represent the variability
Sr/Ca
Range (min–max in mmol/mol) SD
Within test walls (n = 12) 1.0–2.5 0.39/Abl
Inter-chamber (n = 173) 1.2–2.0 0.13
Inter-individual (n = 22) 1.4–1.7 0.084
Within clone group (n = 3) 1.56 0.11–0.1of the vital effect from being ‘biological noise’ to being ‘environmental
information’, the later potentially providing a useful paleoclimate proxy.
Furthermore, our results show that despite substantial intra-test
variability, the average Sr/Ca of individual tests of Ammonia tepida is
reproducible to ±0.043 mmol/mol and Mg/Ca to 0.40 mmol/mol.
These uncertainties are based on the variability between the average
laser spot-derived Sr/Ca and Mg/Ca when combining data from one
individual (n = 23; Fig. 7). Variability between single measurements
is considerably larger (Fig. 5). To translate the Mg/Ca reproducibility
into an error for temperature reconstructions using Mg/Ca data based
on single individuals, we have combined our results with those fromed on 12 individuals, displaying relatively high within-wall variability in Mg/Ca. The asso-
lculated standard deviation for the inter-individual level is based on averages for the 22
within these three groups.
Mg/Ca
Range (min–max in mmol/mol) SD




Fig. 8.Mg/Ca-T relationship for cultured A. tepida. All culture data (Raitzsch et al., 2010;
Dissard et al., 2010a, 2010b; Dueñas-Bohórquez et al., 2011b; this study) are from individ-
uals grown at similar salinity (32–35) and inorganic carbon chemistry (e.g. pH 8.1–8.4 and
[CO32−] of 160–260 μmol/kg). Symbols represent average Mg/Ca from all laser ablation
data from these studies.
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et al. (2010a, 2010b) and Dueñas-Bohórquez et al. (2011b) were all
collected from the Wadden Sea and cultured using similar culturing
set-ups. Together with our new data, these foraminifera were cultured
at a range of temperatures from 10 to 25 °C. The obtained exponential
relationship between Mg/Ca and temperature (R2 = 0.86) is described
by:
Mg=Ca ¼ 0:167  0:064ð Þ∗ exp0:121 0:019ð ÞT ð1Þ
According to the exponential factor, a change in Mg/Ca of
0.40 mmol/mol in Ammonia tepida (Fig. 7) corresponds to a temper-
ature change of 0.9 °C at 25 °C. It should be stressed that this uncer-
tainty is based on the calculated inter-individual variability in Mg/Ca
and at 25 °C only. The recently published Mg/Ca-T relationship
of Toyofuku et al. (2011) produces a Mg/Ca for Ammonia beccarii
at 25 °C (2 mmol/mol ± 0.3), approximately two times lower than
that of A. tepida (Eq. (1)). The exponential factor of the Mg/Ca-T
relationship for A. beccarii is also approximately two times lower
(Mg/Ca = 0.575 ∗ e0.0531 ∗ T) than found here. Mg/Ca from cultured
A. tepida reported by Diz et al. (2012) ﬁt the Mg/Ca-T calibration
from Toyofuku et al. (2011) better than the one presented here, sug-
gesting that even within a single genus, there may be (small) differ-
ences in the control on Mg-incorporation. Taxonomy for the genus
Ammonia is notoriously unreliable (e.g. Holzmann and Pawlowski,
2000; Hayward et al., 2004), and specimens commonly used for labora-
tory studies span a wide genetic range. Those employed by Toyofuku
et al. (2011) are Ammonias of molecular type T4, those of Diz et al.
(2012) of type T3 and those lumped for our calibration (Fig. 8) are of
molecular type T6 (Hayward et al., 2004), which may account for
the variability in Mg/Ca-T calibrations reported so far. Differences in
Mg/Ca ratios of the closely related genotypes, or even within one
species underscores the need for species-speciﬁc calibrations before
applying foraminiferal Mg/Ca in paleoceanographic reconstructions
(e.g. Anand et al., 2003).
The error in a Mg/Ca-based reconstructed seawater temperature is a
combination of the error arising from the inherent, biological variability
inMg/Ca (Fig. 6) and that associatedwith the uncertainty in theMg/Ca-T
regression (Eq. (1)). For a number of planktonic species, uncertainties in
the Mg/Ca-temperature calibration are ~0.06 for the pre-exponential
constant and ~0.02 for the exponential one (e.g. Dekens et al., 2002;
Anand et al., 2003) and are similar to those reported here (Eq. (1)). The
uncertainty in the pre-exponential constant results in a temperature
offset of 1.1–1.4 °C. Error propagation using partial derivatives of this
uncertainty and the one resulting from biological noise reported here(Fig. 6), shows that the total error in seawater temperature reconstruc-
tion is 2.1 °C at 25 °C and b1 °C at 10 °C, assuming a 5% error when
using 20 laser ablation-derived Mg/Ca values. With only 6 laser ablation
measurements (resulting in a ~10% error), the uncertainty in tempera-
ture increases to 3.1 °C at 25 °C and 1.2 °C at 10 °C.
The inherent, biological variability in Mg/Ca found here may be
different at other temperatures. If, however, the relative variability in
Mg/Ca is similar (i.e. ~10%) across temperatures, this would result in
an error of ~0.75 °C at 1.0 °C and ~0.85 °C at 10 °C. If the absolute var-
iability inMg/Ca (~0.40 mmol/mol)would be constant across tempera-
tures, absolute temperature estimates would be much more uncertain
at lower temperatures. Reported variability in Mg/Ca at different
temperatures (e.g. Nürnberg et al., 1996; Sadekov et al., 2008) seem to
suggest that relative variability in Mg/Ca is similar across temperatures.
5. Conclusions
Our results show that Mg/Ca and Sr/Ca in the calcite of Ammonia
tepida is not inﬂuenced by ontogeny as there is no clear trend in the
variability with size in the absence of environmental change with
ontogeny. The intra-chamber, inter-chamber and inter-individual vari-
ability of Mg/Ca is larger than that of Sr/Ca, in linewith previous studies
of within shell element/Ca ratios. The variability in Mg/Ca within and
between individuals is not related to environmental conditions and is
not correlated to genetic variability or similarity. With the variability
in calcitic Mg/Ca in our dataset, 6 laser ablation spots per individual
A. tepida are sufﬁcient to estimate the average with an uncertainty of
10%, thereby accounting for the biological noise on Mg/Ca-based tem-
perature reconstructions.
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